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Introduction 46 47 Fishing with bottom towed fishing gear is a major source of physical disturbance for marine changes to the oxygen regime (Warnken et al. 2003) , which may influence key steps in the 69 nitrogen cycle, as oxygen regulates both nitrification and denitrification in benthic sediments 70 (Rysgaard et al. 1994 ). Because of their weight, otter trawl boards and dredges create large 71 furrows in the sea floor that range between 5 and 35 cm deep depending on the type of sediment 72 (Eigaard et al. 2015) . The redistribution of organic matter that results from this ploughing action 73 may shift the balance between aerobic and anaerobic mineralization, as the organic matter is 74 buried beneath the narrow oxic zone before mineralization is complete (Mayer et al. 1991; 75 Pilskaln et al. 1998) . Duplisea et al. (2001) and Trimmer et al. (2005) found higher rates of 76 organic matter remineralization via sulphate reduction at high trawling disturbance areas. may result in changes to benthic respiration and denitrification due to a reduction in oxygen 86 penetration and microbial metabolism (Aller and Aller 1998; Braeckman et al. 2010) . It may 87 therefore be expected that trawling will affect sediment chemistry through a reduction in 88 community bioturbation potential, burrow density and functional diversity. bottom fishing on benthic carbon mineralization and sediment characteristics (e.g. particle size 93 distribution, porosity) have been demonstrated to be smaller in highly natural disturbed areas 94 where wave and tidal actions lead to bulk sediment disturbance and transport (Osinga et al. 1996; 95 Trimmer et al. 2005) . Similarly, several studies have shown that the effects of fishing on fauna 96 are smaller in coarse than fine sediment (Collie et al. 2000; Kaiser et al. 2006 ; references 97 therein), as the former are characterized by a higher fraction of small-sized, fast growing and 98 highly productive species that are more adapted to continual natural disturbance by tides and 99 waves (Kaiser and Spencer 1996) . Experiments have shown that the influence of bioturbation on 100 nutrient regeneration and oxygen consumption is greater in diffusion dominated (low 101 disturbance, fine sediments and low rates of sediment pore water exchange) than in advection 102 dominated (high disturbance, coarse sediments and consequently high rates of sediment pore 103 water exchange) systems, as sediment processes in the former are more strongly influenced by 104 bioturbation (reviewed by Mermillod-Blondin and Rosenberg 2006) . It may therefore be 105 expected that trawling disturbance will have stronger effects on the fauna and biogeochemical 106 processes in mud than on sand by altering diffusion of dissolved oxygen from the sediment-107 overlying seawater into the pore water and oxygenation of the sediment pore water by sediment 108 resuspension. Nephrops norvegicus and gadoid fish occurs. The fishery operates throughout the year with a 140 peak activity from spring to early summer (Hinz et al. 2009 ). Vessels are limited to operate otter 141 trawls with a maximum headline length of 9m (NWIFCA 2013, pers. comm.) . These areas were 142 selected because both of them showed a spatial gradient in fishing pressure within areas of 143 homogenous sediment types (Supplementary material, SM 1). Other habitat characteristics were 144 similar between the two areas (water depth, bottom temperature and tidal currents) (SM 1). Within each of the two areas, sixteen 1 x 2 km sites were selected along a gradient of fishing 149 pressure. Sampling site selection was based on existing knowledge of sediment type and water 150 depth (CEFAS, unpubl. data and information available in British Geological Survey maps) and 151 natural tidal and wave bed-stress to ensure comparability. The average (± SE) water depth at the 152 muddy study sites was 35.5 ± 3.8 m, whilst that at the sandy sites was 26.3 ± 4.0 m (SM 1). Bed 153 shear stress was used as a measure of natural disturbance to quantify tidally generated currents 154 and wave action that affect sediment transport by advection and hence the structure of the 155 invertebrate community. Estimates of the mean tidal-and wave-bed shear stress (Nm −2 ) at the 156 study sites were derived from a two-dimensional hydrographical model of the Irish Sea (detailed Eigaard et al. 2015) . Fishing pressure is defined as the number of times an area is swept by 172 bottom gear in a year (km 2 swept km -2 seabed), and is hereafter referred to as fishing frequency.
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Owing to the exemption of vessels smaller than 15 m from the VMS reporting process of 174 positional information, the estimates of fishing frequency may be underestimates of the actual 175 fishing intensity, however these are still useful indicators of the relative fishing pressure at the 176 sampled sites. Three sediment cores with overlying water were collected at random locations within each 181 sampling site using a 0.1 m 2 NIOZ (Netherlands Institute for Sea Research, Texel) corer. The 9 corer (30 cm internal diameter) collected sediment to a maximum depth of 50 cm, depending on 183 sediment hardness. Only intact cores with overlying water were used, as drainage of water would 184 disturb biogeochemical profiles. Oxygen profile readings and pore-water nutrient samples were 185 collected from one of the three cores collected at each sampling site, chlorophyll-a and organic 186 carbon and nitrogen content were determined for two replicate cores and sediment particle size 187 analysis (PSA) and infauna composition from all three cores. To measure benthic oxygen status, a 10 cm wide by 30 cm long sediment Perspex sub-core was 192 sampled from the NIOZ core to collect sediment together with the overlying water. Sediment 193 oxygen concentration profiles were measured immediately after collection using Clarke-type 194 oxygen microelectrodes from Unisense (Revsbech 1989) . Two profiles were taken for each sub-195 core. The oxygen penetration depth (OPD), which is the depth to which free oxygen is present in 196 the sediment, was estimated as the deepest depth at which oxygen saturation above 0% was 197 observed using a method adapted from Rabouille et al. (2003) . techniques were used to produce a complete particle size distribution for sediment particles 10 larger and smaller than 1 mm, respectively. Porosity was calculated following methods described 206 by Holme and McIntyre (1984) . Sediment chlorophyll-a was extracted from the thawed sub-207 cores using acetone and analysed using a fluorometer as described by Tett (1987) . Samples for 208 the analysis of sediment organic carbon and nitrogen were thawed, freeze dried and acidified as 209 described in Hedges and Stern (1984) . Organic carbon and nitrogen content was then determined 210 using a Thermo-Finnigan elemental analyser. Samples for pore-water nutrients were extracted using a sipping system from intact NIOZ cores 215 at the following sediment depths; 0, 1, 2, 3, 4, 5, 7.5, 10, 14, 17, 20 cm (D. B. Sivyer unpubl.) .
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The extracted water samples were filtered using 0.2 µm filters and analysed for nitrate, nitrite, 217 ammonium, silicate and phosphate using a scalar auto-analyser (Kirkwood et al. 1996) . At the 218 sandy sites, the deepest pore-water sample was taken at 14 cm as the NIOZ corer generally 219 penetrated to about 15 cm in sand. The sediment within the sub-core used for oxygen measurements (ca. 0.16 m 3 , equivalent to ca. 230 35 % of the total core sample) was also sieved over a 1mm sieve and the infauna preserved in 4 231 % formaldehyde solution. However, the volume of sediment removed for PSA, chlorophyll-a, 232 porosity and organic carbon and nitrogen was small (0.018 m 3 , equivalent to ca. 4 % of total core 233 sample) and was assumed to have negligible contribution to overall infauna abundance and 234 biomass. Furthermore, the freezing and thawing process damages animal tissue hence making the 235 process of species identification difficult. Therefore, sediment sub-samples collected for PSA, 236 chlorophyll-a, porosity and organic carbon and nitrogen were not processed for infauna. Pearson's coefficient to identify sites that contributed to a significant correlation between fishing 256 frequency and each of the environmental variables mentioned above. These sites were removed 257 to avoid confounding the effect of fishing with that of other environmental variables. Out of a 258 total of 32 sites that were sampled during the survey, 19 sites were retained for statistical 259 analyses; 11 sites from the muddy study area and 8 sites from the sandy area. The environmental 260 parameters (water depth, tide and wave bed stress, % sediment grain size composition) at these 261 19 stations were not significantly correlated to fishing frequency (see SM 2). 
Additionally, the influence of fishing on species with different biological traits was examined.
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Three traits that may influence the vulnerability of species to fishing or influence sediment 285 processes (e.g. nutrient cycling) through changes in macrofauna composition and/or abundance 286 were selected, namely feeding mode, mobility and mode of bioturbation. 'Modalities' within 287 each trait were chosen to encompass the range of possible attributes of all the taxa; for example, acknowledge that oxidation zones will be shallower in mud and potentially deeper in sand, we 306 use similar zone intervals across the two sediment types for comparability across the regions and 307 sediment types. We use a generic conceptual zonation pattern (rather than site-specific zonation) 308 to illustrate broad differences in the effect of fishing on different depth zone-related processes in 309 the two sediment types. We believe that findings from this approach have wider generalizability 310 and applicability than a site-specific approach. The depth categories examined were as follows:
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(i) 0 -2 cm: according to the OPD and aRPD measurements at the study sites this is 312 predominantly the oxic zone where there is still free oxygen which acts as the electron acceptor The muddy sites were composed of more than 60% mud (< 63 µm) and the sediment was poorly 340 sorted, whereas the sandy sites were composed of more than 95% sand (> 63 µm and < 2000 341 µm) and the sediment was moderately well sorted (SM 1). The fishing frequencies between the 342 two study areas did not overlap; the fishing frequency ranged from 2.95 to 8.51 yr -1 at the muddy 343 sites and from 0 to 1.63 yr -1 at the sandy sites (SM 1).
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Effect of fishing on faunal parameters 346 347 There was no significant effect of fishing on total infaunal abundance or biomass in either mud 348 (abundance: t = 0.39, df = 9, p = 0.71, r 2 = 0.02; biomass: t = 0.27, df =9, p = 0.79, r 2 = 0.01) or 349 sand (abundance: t < 0.001, df = 6, p = 0.99, r 2 < 0.001; biomass: t = 1.73, df = 6, p = 0.13, r 2 = 350 0.33) ( Fig.2a, b ). The infaunal community in mud was dominated by fewer species but larger individuals m -2 and 1.54 ± 0.29 g WW m -2 , respectively ( Fig.2a, b) . In mud, the average infaunal 354 density and biomass were 34.69 ± 2.46 individuals m -2 and 5.29 ± 0.99 g WW m -2 , respectively 355 ( Fig.2a, b ). The community bioturbation potential index (BP C ) was similar between the two 356 sediment types and did not change significantly with fishing frequency in mud (t = 0.12, df = 9, p 357 = 0.90, r 2 = 0.01) and sand (t = 0.88, df = 6, p = 0.41, r 2 = 0.11) (Fig.2c ). However, different 358 sediment reworking functional groups dominated the community in sand and mud; regenerator Sessile species (3.96 ± 0.80 g m -2 ) and deposit feeding organisms (3.32 ± 0.77 g m -2 ) had 370 significantly higher biomass than species with other motilities and feeding strategies in mud 371 ( Fig.2d , e; significant 'Modality term' in Table 1a , b). However, none of the motility, feeding or 372 bioturbation modalities examined at the muddy sites showed a significant relationship with 373 fishing frequency (non-significant 'fishing term' in Table 1 ). In contrast, fishing resulted in a 374 significant increase in the biomass of surface deposit feeders and suspension feeders relative to 375 predators and scavengers at the sandy sites ( Fig.2g ; significant 'interaction term' in Table 2a ).
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There was no significant effect of fishing on species with different mobilities or bioturbation 377 modes in sand ( The sediment at the muddy sites had significantly higher organic carbon and nitrogen content 382 than the sandy sites (organic carbon: 0.87 ± 0.04 %m/m in mud vs. 0.06 ± 0.01 %m/m in sand; 383 organic nitrogen: 0.1 ± 0.004 %m/m in mud vs. 0.02 ± 0.001 %m/m in sand) (Fig.3b, c) . The 384 average chlorophyll-a content of the muddy substratum was 1.8 ± 0.18 µg/g (Fig.3a) , whereas that in sand was < 1 µg/g, which was lower than the minimum detection limit of the fluorometer 386 hence why no data is plotted for sand in Fig. 3a . At the muddy sites, sediment chlorophyll-a 387 content and porosity increased significantly with fishing frequency indicating that the sediment 388 matrix contained more water and phytodetritus at sites exposed to higher fishing disturbance 389 ( Fig.3a, d ; Table 3a ). There was a slight but significant increase in organic nitrogen content with 390 fishing frequency at the sandy sites, but no significant effects of fishing on organic carbon 391 content (Table 3b ).
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The oxygen penetration depth (OPD) and the depth of the apparent redox discontinuity layer 394 (aRPD) were shallower than 2 cm across the sites sampled in the muddy substratum. The OPD 395 ranged between 0.30 and 1.20 cm and the aRPD between 0.85 and 1.90 cm in mud (Fig.3e, f) .
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Most of the oxygen profiles showed a smooth decreasing trend in the concentration of free 397 oxygen with sediment depth, indicating that the oxygen distribution in mud was governed by 398 molecular diffusion between the oxic seawater and the oxygen-consuming sediment (SM 5A).
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Neither the OPD nor the aRPD showed a significant relationship with fishing frequency in mud 400 (Table 3a ). The coarse sand mixed with shell fragments at the sandy sites only allowed oxygen 401 profiling of the top 2 cm of the sediment core. High concentrations of oxygen were still present 402 at 2 cm (SM 5B), thus suggesting that the OPD in sand was deeper than 2 cm. In sand, the SPI-403 camera penetrated to a maximum depth of 6.26 cm (compared to 21.36 cm in mud) and no aRPD 404 layer was visible, thus suggesting that the aRPD in sand was deeper than 6 cm. A subset of SPI-405 images is presented in SM 6 to illustrate the different nature of the sediments at the two study 406 sites. The lack of an obvious colour stratification together with a visible fluff layer in most of the SPI-images obtained from the muddy sites indicate that the sediment is highly disturbed at these 408 sites (SM 6).
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The concentrations of ammonium (NH 4 + ) and silicate (SiO 4 -) in pore-water were an order of 411 magnitude higher in mud than in sand (Fig.4, SM 5) , reflecting the higher organic carbon and 412 chlorophyll-a (and associated diatom) levels in mud, which are the source of these inorganic 413 nutrients. The integrated-depth profiles for NH 4 + in mud (Fig.4a) cms of the muddy sediment, but increased significantly with fishing between 5 and 20 cm 418 (Fig.4a , c; significant interaction term in Table 4a , c). Phosphate (PO 4 3-) concentrations were 419 similar across all depth zones in mud, and did not show any significant effect of fishing (Fig.4b , 420 Table 4b ). The concentration of NH 4 + , SiO 4 and PO 4 3in the upper 5 cms were consistently low 421 at the sandy sites, indicating higher pore-water flow between the sediment and water column and 422 an upper mobile well-oxygenated sediment layer that is typical of sand but not of mud ( Fig.4d -423 f). NH 4 + and PO 4 3showed an overall small but significant increase in concentration with fishing 424 frequency. However we found no significant interaction effect of fishing and depth zone 425 suggesting a homogeneous effect of fishing with depth ( acts to increase NH 4 + production at depth (beyond 5 cm) as organic matter is broken down under 447 anaerobic conditions. Otter boards leave distinct tracks on the seafloor, ploughing grooves which 448 can vary from a few cms down to 35 cm in muds (Eigaard et al. 2015) . Therefore, it is likely that 449 the increase in NH 4 + production at the depths observed at the muddy sites is due to organic 450 matter burial or mixing to depth by otter board action. Furthermore, the presence of significant 451 pore-water TOxN concentrations below 5 cms at some sites illustrates that there must be 452 Sciberras et al.
Trawling impacts on ecosystem processes 21 significant pore-water relocation caused by trawling, which is the only process which could act 453 to these depths at the sites. The injection of carbon to depth is also likely to stimulate localized 454 Fe reduction which mediates increased phosphate release at depth. Future analysis of total 455 organic carbon and C:N ratios in profiles would enable age determination and source of carbon, 456 hence allowing the mechanism of impact to be identified better.
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The elevated concentration of dissolved nutrients released from the sediment could account for 459 the increase in sediment chlorophyll-a observed at the higher trawling frequency muddy areas more likely to be due to the lack of a true zero (lowest fishing frequency was 3 yr -1 ) rather than of no effect of trawling. Queiros et al. (2006) recorded a change in body size spectrum at the 499 muddy area; from lots of large and small size classes in lightly trawled area (0.1 yr -1 ) to a 500 decrease in biomass across the entire size range for more heavily trawled areas (3.5 yr -1 ). We 501 recognize that our study at the muddy area would have benefitted from having a true control (i.e.
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areas of no fishing). However, these sites were hard to find as sites with very low or no fishing 503 were characterized by different habitat conditions (sediment composition, tide and wave stress) 504 from sites where fishing occurred. In conclusion, this study has found some effects of bottom trawling on biogeochemistry and 526 infauna on mud but not on sand, where the biogeochemistry appeared to be more strongly 527 influenced by tidal currents and waves. Our first hypothesis that fishing will negatively affect 528 benthic invertebrate abundance and reduce the bioturbation potential was therefore not 529 supported. Our second hypothesis that fishing results in changes in the sediment redox and 530 associated biogeochemistry as a result of sediment resuspension and sediment/carbon mixing to 531 depth as was only partly supported as we did not find an increase in the oxygen penetration depth 532 and higher NO x in pore-water with increasing fishing, but did find a lower concentration of NH 4 + 533 and SiO 4 with increasing fishing frequency within the top 2 cm of the sediment and a higher 534 concentration at > 5 cm depth on mud. Our third hypothesis that changes in sediment 535 biogeochemistry due to fishing are larger in mud where macrofauna-mediated processes are 536 expected to play a more significant role than in sand where physical processes such as tides and 537 currents generally mediate the redox system, was partly supported, as we did find larger changes 538 in mud than in sand, but only little evidence that this was mediated by macrofauna. This suggests 539 that otter trawling may be affecting organic-matter remineralization and nutrient cycling through 540 sediment resuspension and burial of organic matter to depth rather than through the loss of 
